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SUMMARY

This report documents work performed under the Spent Fuel and Waste Disposition’s Spent Fuel and Waste
Science and Technology program for the US Department of Energy (DOE) Office of Nuclear Energy (NE).
This work was performed to fulfill Level 2 Milestone M2SF-210R010201032, “ORNL High Burnup
Confirmatory Demo Sibling Rod Testing Results,” within work package SF-210R01020103 and is an
update to the work reported in M2SF-190R0010201026 and M2SF-190R010201028.

As a part of DOE NE High Burnup Spent Fuel Data Project, Oak Ridge National Laboratory (ORNL) is
performing destructive examinations (DEs) of high burnup (HBU) (>45 GWd/MTU) spent nuclear fuel
(SNF) rods from the North Anna Nuclear Power Station operated by Dominion Energy. The SNF rods,
called sister rods or sibling rods, are all HBU and include four different kinds of fuel rod cladding: standard
Zircaloy-4 (Zirc-4), low-tin (LT) Zirc-4, ZIRLO, and M5. The DEs are being conducted to obtain a baseline
of the HBU rod’s condition before dry storage and are focused on understanding overall SNF rod strength
and durability. Composite fuel and defueled cladding will be tested to derive material properties. Although
the data generated can be used for multiple purposes, one primary goal for obtaining the post-irradiation
examination data and the associated measured mechanical properties is to support SNF dry storage licensing
and relicensing activities by (1) addressing identified knowledge gaps and (2) enhancing the technical basis
for post-storage transportation, handling, and subsequent disposition.

This appendix documents the status of the ORNL Phase 1 DE activities related to fission gas sample
analysis, fuel burnup analysis, and fuel isotopic analysis of selected sister specimens in Phase 1 of the sister
rod test program.

Table DS-1 provides a summary of the DE status.

Table DS-1. DE Status.

Planned DE Status Comments

DE.O1 |Collect fission gas |Complete Fission gas samples were collected and analyzed. Results
samples and analyze are consistent with publicly available database. Code-
predicted fission gas production is not available; therefore,
the fission gas release ratio is not available. ORNL and
Pacific Northwest National Laboratory (PNNL) fission gas
analyses are consistent with one another, and the data are
as expected when differences in fission gas partial pressure
are considered.

DE.03 |Analyze fuel burnup |In progress |Six specimens were sent to the ORNL Radiochemical

to confirm predicted Engineering Development Center for burnup analysis (Nd,
and extrapolated U, Pu only). Three are complete. Additionally, other
values sponsors are funding isotopic analyses of additional sister

rod specimens (~51 isotopes measured).
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REVISION HISTORY

Date Changes

3/29/2019 Initial release

Revised to include additional data and incorporate comments from the

9/27/2019 previously released report.

The detailed information supporting the sister rod testing was moved
10/29/2020 into appendices to retain the information but reduce the amount of
detail in the main report.

The document numbering was revised to reflect its M2 status and the

11/30/2020 date was changed.
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D-1.Fission Gas Sample Isotopic Composition and Calculated Fission
Gas Release

Before the system evacuation for the void volume measurement, a fission gas sample was taken from each
punctured sister rod. Gaseous fission products evolve in all uranium dioxide (UO,) nuclear fuel pellets at
all axial elevations during reactor operation [D-1.] . They are located near the site of the fission, within the
fuel grains, at a grain boundary, or at free surfaces on the pellet. The gaseous fission products form small
bubbles within the pellet since the Xe and Kr gases produced are virtually insoluble in UO,. Although much
of the fission gas remains trapped within the fuel pellet microstructure as porosity, a fraction of the fission
gas is released to the interior void volume of the fuel rod and contributes to an increase in the internal
pressure of the fuel rod [D-2.] [D-3.] .

According to EPRI, less than 5% of the fission gas produced in the pellet stack during normal operation is
released to the void volume of the rod [D-4.] . The quantity of fission gas released from the pellet to the
void volume of the rod during reactor operation has been the topic of much study because the gross rod
pressure and localized rod pressure are important to rod performance during reactor transients such as loss-
of-coolant accidents and reactivity-initiated accidents. The percentage of fission gas released is calculated
as the moles of fission gas in the rod void volume divided by the total calculated fission gas produced during
operation.

The eight sister rod samples were analyzed by the Oak Ridge National Laboratory (ORNL) Nuclear
Analytical Chemistry and Isotopic Laboratories Group. Fission gas isotopic (in atom %) and concentration
(in mole%) determinations were made using an OmniStar GSD 320 residual gas analyzer (RGA) analyzer
coupled to a sample manifold located within a radiological fume hood (Figure D-1). The ion source and
focus lens tune parameters are listed in Table D-1.

Figure D-1. The sample inlet manifold (left) coupled to an
OmniStar GSD 320 residual gas analyzer (RGA) (right).
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Table D-1. Ion source and focus lens tune parameters for the RGA analyzer.

Parameter Setting
Filament No 1
Active set Set 1
Emission current 0.50 A
Protection current 350 A
Re-polarity positive
Ton reference 150.00 V
Cathode -50.00 V
Focus -3.00V
Field axis -5.00V
Extraction -45.00 V

The RGA analyzer is equipped with two detectors, a Faraday detector that is used for all fission gas
concentration measurements and a secondary electron multiplier (SEM) that can be used for low parts per
million gas concentration measurements. In general, the Faraday detector signal is more stable and offers
slightly higher precision isotope ratio measurements. The SEM was not used for sister rod concentration
measurements, but it was used to confirm the Faraday isotopic measurements. Gas samples are scanned
from 1 to 150 atomic mass unit (amu) with either detector prior to starting the isotopic and mole percent
determinations. These analog scans are performed to detect potential unknown gasses present in samples,
and to have a record of detected peak shape and peak resolution. The natural (using a gas standard) or
fission isotopes (unknown samples) are measured using a multiple ion detection (MID) data acquisition
program. Gas concentrations are then measured by quantification of *'Kr, '**Xe, and *He isotopes using a
multiple concentration determination program.

Quality control measures involved the analysis of two certified gas standard mixtures with independent
production lot numbers. The primary standard is employed for calibration of the OmniStar GSD 320 RGA
and the secondary standard is analyzed for calibration verifications and continuing instrument performance.
The setup and calibration process of the OmniStar GSD 320 Gas Analysis (RGA) system involves an offset
calibration with the evacuated sample manifold pressure controlled at 4-5 Torr. A mass scale adjustment
and RGA ion source tuning are then performed with the certified mixed gas standard held at ~30 Torr in
the sample manifold. Mass scale tuning, which is required for performance optimization, is performed when
necessary. The final stage in the RGA setup is a second mass scale adjustment using a fine mass calibration
setting and the same standard gas. The result of the calibration is verified with the secondary mixed gas
standard held at the same pressure.

To measure the sister rod fission gas samples, the sample bottle used in the rod puncture sequence
(Appendix C) is attached to the evacuated sample manifold for the measurement sequence. The known
volume of the sample manifold is 18.4 mL, and the volume and pressure of each sister rod gas sample is
known. The sample gas expands into the manifold until gas pressure reaches equilibrium. The sample
manifold pressure is recorded and then reduced to ~30 Torr before injecting the sample into the RGA for
analysis. Argon gas (99.999% purity) is used to flush the sample manifold between gas analyses and for
verification testing. NIST tracible mixed gas standards from independent lots are used for calibration and
verification testing, and these contain a gas mixture that is 5.00 mol% Kr, 5.00 mol% Xe, 1.05 mol% O,
3.96 mol% N, and the remaining 85.00 mol% is He. The individual gas concentrations in the mixed gas
standards are certified with a blend tolerance and certified accuracy of a relative £2%, and the certified test
gas standards used are listed in Table D-2.
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Table D-2. Matheson certified verification standards used for sister rod fission gas analysis.

Calibration- LotNo: 1028601078B Exp.  4/20/2021
Verification- Lot No: 1027603245B Exp.  12/8/2020

Measured gas concentrations for the eight sister rod gas samples collected during the rod puncture operation
(see Section 7.1) are provided in Table D-3. Six of the sister rod samples were measured as many as three
times on non-consecutive days and the determined fission gas concentrations were averaged for those
samples. The concentrations measured were determined by linear regression monitoring **Kr and '**Xe,
which are naturally occurring isotopes present at 56.99 and 26.91 atom%, respectively. The isotopic
concentration in the sister rod samples was determined by measuring the current responses corresponding
to the *Kr and **Xe isotopes and comparing those with the current response of the known concentration
calibration standards. The total uncertainty values reported are the combined uncertainties of the duplicate
measurements at a 95% level of confidence. The number of digits in the reported mole% and their
uncertainties are provided for information and are not intended to convey a significant degree of reliability
for the long-term performance of precision for the measurement.

Table D-3. Sister rod gas sample measured elemental composition, mole%*

Sample ID
Detected gas** 30AE14 (M5, heat
30AK09 (M5) 30ADO05 (M5) treated) 3AI1F05 (LT Zirc-4)
SR-Gr-02 SR-Gr-05 SR-Gr-06 SR-Gr-04
Kr 1.60 + 0.15 141 =+ 0.19 145 + 022 197 + 025
Xe 1531 + 133 1410 + 0.70 1411 + 149 1846 =+ 1.72
He*** 83.09 £ 1.10 8449 + 0.59 8444 =+ 1.62 79.57 + 1.83
Sample ID
Detected gas** 3F9NO5 (ZIRLO, heat F35P17 (Zirc-4, heat
6U3K09 (ZIRLO) 3D8E14 (ZIRLO) treated) treated)
SR-Gr-01 SR-Gr-03 SR-Gr-07 SR-Gr-08
Kr .11 £ 0.10 236 + 0.30 223 £ 0.30 193 + 025
Xe 1045 + 147 2244 + 141 20.08 =+ 201 19.87 =+ 199
He*** 8844 + 141 7520 + 141 77.69 £ 1.62 7820 + 1.62

*  Reported uncertainties are the total combined uncertainties at the 95% level of confidence. Two decimal places are provided in
the reported values for information only and are not intended to imply a significant degree of reliability. The precision
contribution for samples 01-06 was the standard deviation of the values measured in August 2018 and September 2018. Because
only a single data set was measured for samples 07 and 08, for conservatism, the precision contribution to the total uncertainty
for those data was taken as the worst-case scenario observed for samples 01-06.

** Some residual air present in the sampling system was detected and the resulting O and N content has been neglected when
determining the fission gas component percentages and fission gas release in the fuel rod.

***The measured He includes the pre-pressurization He and any He produced as fission/decay products.

Isotopic data, reported in Table D-4 and Table D-5 , were determined using the ion currents acquired from
the MID run and includes both natural and fission product Kr and Xe isotopes. The isotopic composition
of natural Kr and Xe in both primary and secondary standards were evaluated and compared with isotopic
data sourced from the National Nuclear Data Center [D-5.] to ensure analytical accuracy. The uncertainties
reported in Table D-4 are a single standard deviation from the calculated mean, where n = 2—4, except for
SR-Gr-07 and -08 in which only one measurement was completed. For those two samples, the averaged
observed standard deviation for the other six samples was applied. The uncertainties reported in Table D-5
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are 20 standard deviations from the calculated mean, where n = 2—4, except for SR-Gr-07 and -08 in which
only one measurement was completed. For those two samples, the largest observed uncertainty from the
other six samples was applied. The number of digits in the reported atom% and their uncertainties are
provided for information and are not intended to convey a significant degree of reliability. Some small bias
in the measurement data was observed but was within the measurement uncertainty; no corrections were
applied. Additionally, three independent measurements of selected sister rod samples were performed on
three different dates between August 2018 and February 2019. The Faraday detector was used to generate
most of the isotopic data; however, the SEM was also used for three of the fission gas samples in February
2019 to verify the precision of the Faraday measurements. The results of the three SEM measurements were
incorporated into the uncertainty calculations for the measured samples.

Table D-4. Fission gas isotope ratios, atom% ratio

30AE14 (M5, heat
30AK09 (M5) 30AD05 (M5) treated) 3AIF05 (LT Zirc-4)

Isotope Ratio SP-Gr-02* SP-Gr-05%* SP-Gr-06* SP-Gr-04*
82K r/8Kr 0.021 +/- 0.009 | 0.018 +/- 0.007 | 0.019 +/~ 0.008 | 0.023 +/- 0.003
8K /MK 0322 +/- 0.009 | 0307 +/- 0.008 | 0318 +/~- 0.010 | 0.310 +/~ 0.002
SKr/AKr*** | 0.121  +/-  0.007 | 0.121 +/- 0.008 | 0.123 +/- 0.009 | 0.059 +/- 0.003
86K r/34Kr 1.533 +/- 0.014 | 1.525 +/- 0.009 | 1.535 +/- 0.011 | 1.512 +/- 0.000
128Xe/'Xe 0.005 +/- 0.003 | 0.005 +/- 0.003 | 0.006 +/- 0.003 | 0.007 +/~ 0.004
130Xe/132Xe 0.012 +/- 0.002 | 0.012 +/- 0.002 | 0.013 +/~ 0.001 | 0.015 +/~- 0.001
BlXe/132Xe 0278 +/- 0.004 | 0.289 +/- 0.003 | 0.296 +/- 0.002 | 0.293 +/- 0.004
134Xe/132Xe 1.178 +/- 0.006 | 1.173 +/- 0.022 | 1.178 +/~- 0.011 | 1.165 +/- 0.033
136Xe/132X e 1.689 +/- 0.029 | 1.661 +/- 0.055 | 1.654 +/- 0.029 | 1.647 +/- 0.080

3F9NO5 (ZIRLO, F35P17 (Zirc-4, heat
heat treated) treated)

Isotope Ratio SP-Gr-01* SP-Gr-03* SP-Gr-07** SP-Gr-08**
82K /3K 0.016 +/- 0.005 | 0.022 +/- 0.004 | 0.033 +/- 0.010 | 0.034 +/- 0.011
8BKr/AKr 0311 +/- 0.005 | 0277 +/~ 0.001 | 0310 +/- 0.006 | 0278 +/- 0.005
BKrAKr*** | 0.100 +-  0.004 | 0.073 +/- 0.004 | 0.088 +/- 0.005 | 0.050 +/- 0.003
80K r/34Kr 1.537 +/- 0.008 | 1.474 +/- 0.007 | 1.530 +/- 0.008 | 1.469 +/- 0.008
128X e/132Xe 0.005 +/- 0.003 | 0.007 +/- 0.004 | 0.011 +/~ 0.006 | 0.011 +/-~ 0.006
130Xe/132Xe 0.012 +/- 0.002 | 0.015 +/~ 0.002 | 0.019 +/- 0.002 | 0.018 +/- 0.002
B3IXe/132Xe 0278 +/- 0.004 | 0254 +/- 0.005 | 0290 +/- 0.004 | 0.249 +/- 0.003
134Xe/132Xe 1.178 +/- 0.006 | 1.126 +/- 0.033 | 1.156 +/- 0.018 | 1.094 +/- 0.017
136X e/132Xe 1.689 +/- 0.029 | 1582 +/- 0.083 | 1.600 +/- 0.048 | 1.545 +/- 0.046

Sample

Sample 6U3K09 (ZIRLO) 3D8E14 (ZIRLO)

*  Uncertainty for samples defined as a 1o external standard deviation of the replicate analyses (for 01, 03, and 04, n = 2; for 02,
05, and 06, n = 4).

**  For SP-Gr-07 and -08, only one replicate was performed; the assigned uncertainties are the averages of the other six samples.

ik 85K was decay-corrected to February 2019 in each case.
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Table D-5. Fission gas isotopic composition, atom %*

30AE14 (M5, heat .
Sample 30AKO09 (M5) 30AD05 (M5) trea(te d)’ 3A1F05 (LT Zirc-4)

Isotope SP-Gr-02" SP-Gr-05" SP-Gr-06" SP-Gr-04"
82Ky 069 + 034 059 + 030 064 + 032 081 + 040
8Ky 1073 + 032 1034 + 031 1062 + 032 1067 + 032
84Ky 3337 + 067 3365 + 067 3339  + 067 3443 +  0.69
SR+ 404 + 020 408 + 020 412+ 021 203 £ 0.10
86K r 51.17 + 0.1 5133 + 0.5l 5124 + 051 5206 + 0.52
128X ¢ 0.14 =+ 0.07 0.13 + 0.07 0.17 + 0.09 0.16 =+ 0.08

129 e 0.05 0.05 < 005 < 0.05

130X e 031 =+ 0.16 030 =+ 0.15 039 + 0.19 036 + 0.18
131X 709 + 035 698 + 035 638 = 0.32 711  += 036
132X e 2397 + 048 2416 + 048 25.14 + 0.50 2424 + 048
134 e 2839 + 0.57 2833 + 057 2830 + 057 2823 + 0.56
136X e 40.15 + 0.40 40.10 + 0.40 3974  + 040 3990 + 040
3F9NO5 (ZIRLO, heat | F35P17 (Zirc-4, heat

Sample 6U3K09 (ZIRLO) 3DSE14 (ZIRLO) tr(ea ted) ’ tr(ea ted) ’

Isotope SP-Gr-01" SP-Gr-03" SP-Gr-07" SP-Gr-08™
82K ¢ 056 + 028 077 4+ 039 .10+ 0.55 120 + 060
8Ky 1049 + 031 975 1+ 029 1045 =+ 031 983 + 0.29
8Ky 3374 + 067 3514 1 070 3374 = 067 3530 + 071
BSK 336+ 0.17 256+ 0.3 3.06 + 0.15 181 + 0.09
86K r 51.85 + 0.2 5178+ 0.52 51.63 + 0.52 51.86 + 0.52
128 e 0.12 + 0.06 0.17  +  0.09 027 + 020 028 =+ 021

129 e 0.05 0.05 < 005 < 0.05
130X e 029 =+ 0.15 039 =+ 0.19 046 + 023 045 = 023
BIXe 6.68 + 033 638 + 032 712+ 036 636 + 032
132X e 2403 + 048 2514 + 0.50 2454 + 049 2554 + 051
134 e 2831 + 057 2830 + 0.57 2836 + 057 2792 + 0.56
136X e 4057 + 041 3974 + 040 3925 + 039 3944 + 039
* Reported numerical uncertainties are the 2c external standard deviation of all duplicate analyses. The last digit in the

measurements and uncertainties is provided for information and is not intended to convey a significant degree of reliability.
The accuracy of the analysis was confirmed using a NIST tracible standard, and a bias correction did not measurably alter
the data within the uncertainty of the 2¢ standard deviation.

**  SR-Gr-02, -05, and -06 also incorporate the uncertainty between two different modes of mass analysis, namely SEM and

Faraday.

***%  For SR-Gr-07 and -08, only one replicate was analyzed; for conservatism, the uncertainty attributed to those data was taken
as the worst-case scenario observed for samples 01-06.

ok 85Kt was decay-corrected to February 2019 in each case.
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D-2. Fuel Burnup and Isotopic Measurements

Eleven PWR samples were selected from the sister rods, as listed in Table D-6. Three will be analyzed for
chemical determination of burnup (called burnup only) and eight will be analyzed using high precision
protocols for the isotopes listed in Table D-7 (called fu/l-isotopic analysis). The three samples selected for
burnup only measurements have operator-reported burnups of 41, 57, and 64 GWd/MTU. The eight samples
planned for full-isotopic analysis cover a range of burnups from 53 to 64 GWd/MTU.

Table D-6 List of specimens Selected for fuel burnup and isotopic measurements

Reported
Rod Origipating segment burnup Analysis | Sample length Status
elevation range (mm) | (GWd/MT | performed (mm)
U
6U3K09 3506 3525 43? Burnup only 12.4 Complete
3DSE14 3206 3225 59 Burnup only 8.6 Complete
3D8E14 700 719 61 Burnup only 14.9 Complete
3A1FO05 2383 2402 53 Full isotopic 9.8 To be dissolved
3F9NOS5 2300 2329 57 Full isotopic 10.3 To be dissolved
3FINO5 2863 2882 58 Full isotopic 9.1 To be dissolved
30ADO05 1280 1299 59 Full isotopic 11.7 To be dissolved
30ADO05 2410 2429 59 Full isotopic 9.2 To be dissolved
30AE14 2675 2694 61 Full isotopic 8.9 Dissolved
3D8E14 2303 2322 62 Full isotopic 12.4 To be dissolved
3D8E14 2655 2674 64 Full isotopic 8.3 To be dissolved
Total number of specimens 11

D2.1 Separation and Measurement Techniques

Chemical separation is achieved using ion chromatography using oxalic acid, diglycolic acid, and
hydrochloric acid. A method called RAPID (Rapid Analysis of Post-Irradiation Debris) [D-6,D-7,D-8,D-
9,D-10], originally developed for the Defense Threat Reduction Agency (DTRA), has been modified for
the successful separation of and isolation of all activation and fission isotopes, including 125Sb, 95Mo,
99Tc, and 109Ag. RAPID, when used in combination with isotope dilution mass spectrometry (IDMS) can
yield direct isotopic compositions and concentrations with uncertainties as low as 2% at the 95% confidence
level using a single detector inductively coupled plasma mass spectrometer (ICP-MS). When coupled with
elemental isolation via fraction collection followed by analysis using a multi-collector ICP-MS isotopic the
IDMS-RAPID protocol can yield isotopic concentrations with uncertainties as low as 0.5% at the 95%
confidence level.

ORNL has developed and qualified a comprehensive analytical protocol for high precision radiochemical
analysis (HP-RCA) of key fission product and actinide isotopes in select specimens from the HBU fuels.
Table D-7 provides a summary of the improvements in uncertainty afforded by the high precision approach
as compared with the previous analysis approach and lists the isotopes to be analyzed. A key to the HP-
RCA is the state-of-the-art MC-ICPMS system installed for use with radioactive samples. This instrument
is capable of measuring isotope ratios with relative uncertainties on the order of 0.1%. A comprehensive
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Sample Analysis Plan for the HP-RCA measurements has been developed [D-11.] and a working reference
material (WRM) has been prepared using NIST and NBL certified reference materials (CRM). For the HP-
RCA, spikes were created using enriched isotopes procured from the DOE’s Isotope Business Offices with
traceability established to NIST standards. The WRM will be processed in parallel with the fuels and used
as a laboratory control sample (LCS) to document performance of the analytical protocol. A full list of

standards and controls can be found in Appendix D in ORNL/TM-202/1657 [D-11.] .

Measurement protocols with GUM-compliant' calculations to report total uncertainties for the results were
established for all nuclides listed in Table D-7.

ORNL is unable to measure '*C; *°C1, **'Fr with current analytical capabilities.

Table D-7. Isotopes to be analyzed using high precision protocols.

Relative uncertainty
single detector ICPMS,

Relative uncertainty

Isotope Separation and detection method 2G* HP-RCA test method, 20
(prior best practice)
Se RAPID-IDMS with a ”’Se spike 2% 0.5%
%Mo RAPID-IDMS with a **Mo spike - 0.5%
%0Sr RAPID-IDMS with a 36Sr spike 5% 0.5%
PTe Standard addition using *Tc - 2%
10IRu 0.5%
RAPID-IDMS using a ’Ru spike 2%
106Ru 0.5%
103Rh Standard Addition 5% -
109Ag Rapid-IDMS unsing a '*’Ag spike - 1%
125Sb RAPID-IDMS using a '23Sb spike 2% 0.5%
133Cs 0.5%
134Cs 0.5%
———1 RAPID-IDMS using a '33Cs spike 2%
135Cg 0.5%
137(Cgk % 0.5%
4Nd 0.5%
14Nd 0.5%
146Nd RAPID-IDMS using a '>'Nd spike 2% 0.5%
T8N g+ 0.5%
4Nd 0.5%
144Ce RAPID-IDMS using a '*°Ce spike 2% 1.0%
47pm RAPID-IDMS using 149Sm and a semi- 30, i
quantitative approach
147Sm 0.5%
149Sm RAPID-IDMS using a *Sm spike 2% 0.5%
150Sm 0.5%

1 ISO/IEC GUIDE 98-3:2008, Guide to the expression of uncertainty in measurement.
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Relative uncertainty
. . single detector ICPMS, Relative uncertainty
Isotope Separation and detection method 20* HP-RCA test method, 20°*

(prior best practice)

151Sm 0.5%

1528m 0.5%

I5SIEy 0.5%

153py ) ) 0.5%

o RAPID-IDMS using a "*'Eu spike 2%

Eu 0.5%
135Eu 0.5%
155Gd RAPID-IDMS using *°Gd 2% 0.5%
27Ac Weighted dilution gamma 5% -
23475 0.1%
235U** 0 1%
———Davies-Grey titration or IDMS with 2*U 0.5% or 2%

2367 0.1%
238U** 0 1%
ZNp RAPID using external calibration 5% -
238py 0.1%
*Pu** | RAPID-IDMS using CRM-130, a>2Pu 0.1%
240py STD 2% 0.1%
2Ipy 0.1%
242p 0.1%
21 AMm 0.1%
mAm | RAPID-IDMS using an MAm, 20, 0.5%
—_— verification of 241 using gamma -

2437 1 0.1%
2420 1.0%
2430y 1.0%
240 RAPID IDMS with in-house certified 1.0%
i Cm-WRM, or using **Am and a 2% S
Cm semiquantitative approach 1.0%
246 1.0%
2470 1.0%

*Based on the isotopic concentration of 1 pg/g fuel

**[sotopes required for the determination of chemical burnup

D2.2 Calculation of Estimated Burnup

Burnup is estimated based on the measurement data using ASTM-321E standard methods [D-12.] , relying
on '*®Nd as a burnup indicator. The sample’s burnup, B in GWd/MTU, is determined as the product of the
estimated number of fissions per initial metal atom (FIMA) and a unit conversion factor C that relates
FIMA% to GWd/MTU burnup units:

B =C X FIMA% (D-1)
The recommended value for C is 9.6£0.3 GWd/MTU [D-12.] .
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FIMA% was determined based on the measurement data for **Nd and uranium and plutonium isotopes:

148
_ Na/Yerf -
FIMA% = el % 100 (D-2)

where

"Nd  is number of '*Nd atoms measured in the sample,

Yo is effective fission yield for '*Nd,

U is number of uranium atoms measured in the sample, and
Pu is number of plutonium atoms measured in the sample.

The estimated burnup uncertainty is inferred by error propagation in (D-1), assuming all variables involved
are independent:

5B8\2
of =3 (52) of (D-3)

The uncertainty used for the number of '*Nd atoms measured in the sample combined the measurement
uncertainty for the isotope with an estimated uncertainty that corrects for radiative captures in '“’Nd and
8Nd [D-8]. This correction is expected to be small (<0.5%).

D2.3 Results

Chemical determination of burnup per the established ASTM method [D-13.] has been completed for the
three selected fuel specimens. A drop of sample 3D8E14-3206-3225 was lost during filtering of the final
digested solution in the hot cell. At the time of loss, the solution was homogeneous and therefore the ratio
of Nd-148 burnup indicator to uranium and plutonium was not compromised. For this sample burnup was
calculated using total atom ratios in the final solution vs. the pellet as is convention. Performing the
calculation in this manner does not affect the results and they are considered accurate.

The isotope measurement data used for burnup determination for the 3 samples are provided in terms of g/g
initial heavy metal (IHM) in Table D-8; the uncertainty is 10.

The estimated sample burnups and the FIMA% values based on the measurement data are presented in
Table D-8. A value of 1.706% [D-13.] was used for the effective fission yield of '**Nd. The quantified 1o
burnup uncertainties for U and Pu are consistent with the measurement data in Table D-8. The uncertainty
used for these calculations was conservatively assumed as 0.5% [D-14.] .

Table D-9 also compares the measurement-based burnup estimate with the operator-reported burnup. There
is good agreement, with a relative difference on the order of 5%. 3D8E14-3206-3225 and 6U3K09-3506-
3525 are both from the steep burnup gradient region at the top of the fuel rod, whereas, sample 3D8E14-
700-719 was cut from the flat burnup region of the rod. The samples from the steep gradient region are
likely to have a higher uncertainty associated with the operator-reported burnup that is related to the fidelity
of the simulations, and this is consistent with the differential from the measured burnup, with the steep
gradient samples having a slightly higher differential from predictions.

Additionally, as a proof of concept, the Nd fractions from the three burnup samples were analyzed using
HP-RCA. A comparison of the two datasets shows an improvement in relative precision for elemental Nd
from +/- 3 % to +/- 0.5 % and its isotopic abundances from +/- 0.08 % to +/- 0.005 % (2-0).
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Table D-8. Chemical Isotopic Analysis (Burnup Only) of Sister Rod Specimens
Project ID 3D8E14-700-719 3D8E14-3206-3225 6U3K09-3506-3525
Lab ID TAL SR-719 TAL SR-3225 TAL SR-3525
fg%edmen weight 6.648 4.532 6.707
Units g/glHM |16 uncertainty g/gU 10 uncertainty g/glHM 1o uncertainty
Nd (isotopics 7.526E-03 | 3.919E-05 | 7.724B-03 | 3.987E-05 | 5.237E-03 | 2.755E-05
over six runs)
124Nd wt % 0.8687% 0.0080% 0.7634% 0.0034% 0.4903% 0.0039%
SNd wt % 15.1330% 0.0017% 16.3629% 0.0011% 20.1298% 0.0016%
H4Nd wt % 36.4023% 0.0034% 35.2676% 0.0019% 32.3057% 0.0021%
145Nd wt % 14.9920% 0.0016% 15.2970% 0.0010% 16.5945% 0.0014%
146Nd wt % 18.7087% 0.0025% 18.4323% 0.0014% 17.1489% 0.0016%
8N wt % 9.2956% 0.0019% 9.3012% 0.0016% 9.0248% 0.0016%
15ONd wt % 4.5996% 0.0017% 4.5756% 0.0016% 4.3059% 0.0015%
Units g/gIHM |16 uncertainty g/gSoln 10 uncertainty g/glHM 1o uncertainty
U 9.150E-01 3.235E-03 3.424E-03 0.342E-05 9.418E-01 1.561E-03
33U wt % 0.0010% NA 0.0010% NA 0.0010% NA
Z4U wt % 0.0248% 0.0002% 0.0254% 0.0002% 0.0272% 0.0003%
35U wt % 0.4368% 0.0005% 0.5822% 0.0007% 1.3359% 0.0016%
20U wt % 0.6425% 0.0066% 0.6370% 0.0066% 0.5944% 0.0061%
280U wt % 98.8958% 0.0066% 98.7554% 0.0066% 98.0425% 0.0063%
Units g/glHM |1o uncertainty g/gU 16 uncertainty g/gU 1o uncertainty
Eﬁe(ﬁi?i?ﬁﬁi) 1.I19E-02 | 1976E-04 | 1276E-02 | 4.890E-04 | 1.028E-02 | 7.288E-05
8Py wt % 3.4261% 0.0598% 3.6434% 0.2286% 2.1232% 0.0597%
29Pu wt % 50.9118% 0.1726% 51.7021% 0.9671% 59.1770% 0.4432%
240Pu wt % 27.8080% 0.1372% 27.3843% 0.8421% 24.6114% 0.4178%
2Py wt % 6.3293% 0.1139% 6.5196% 0.2642% 8.3739% 0.1013%
242Py wt % 11.5248% 0.1091% 10.7505% 0.3482% 5.7145% 0.0265%

Table D-9. Estimated Burnup for Sister Rod Specimens

Project ID 3D8E14-700-719 |3D8E14-3206-3225 | 6U3K09-3506-3525
Lab ID TAL SR-719 TAL SR-3225 TAL SR-3525
Measured FIMA (%) 6.651 6.239 4.473
Measured burnup (GWd/MTU) 63.849 59.895 42.940
Measured burnup uncertainty, 1 (%) 0.9 0.8 0.7
Operator-estimated burnup (GWd/MTU) 63.564 56.779 40.658
Measured/operator burnup ratio 1.004 1.055 1.056
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